Abstract Coastal salt marsh has been globally fragmented by man-made coastal seawalls. However, the dynamic changes in community structure and abiotic environments in these regenerated marsh after seawall reclamation are largely unknown. We analyzed the seasonal changes of soil nutrient pools and the direction effects on them. The results showed that soil total nitrogen (TN) has decreased but soil organic carbon (SOC) has increased from May to September. Direction has influenced the patterns and seasonal changes in soil TN and SOC. The potential influencing factors have been largely contributed to soil salinity reduction, vegetation growth, microorganism activities with different seasonal characteristics. Researches on seasonal dynamic of marsh regeneration after seawall reclamation can provide us helpful information to understand mechanism of marsh restoration and design coastal marsh restoration projects.
Introduction
Recent decades, coastal landscapes were altered globally by the introduction of man-made infrastructures, such as seawalls, dykes, breakwaters which were used to protect coastal cities from tidal storm, seawater invasion as well as sea level rising (Airoldi and Bulleri 2011; Temmerman et al. 2013; Ma et al. 2014 ). According to a report from IPCC in 2013, the global sea level rising will be 0.44-0.74 m in the next century (http://www.ipcc.ch/report/ar5/wg1/), which may need more seawalls to enhance the safety of coastal zones.
Coastal salt marshes are important habitats for many plant and animal species because their valuable ecosystem services (Kennish 2001) . The increasing development of coastal infrastructures will prevent natural salt marsh from migrating landward into the upland and in many areas this will easily result in marsh fragmentation or loss and series of changes in structure and functions of those natural ecosystems (Temmerman et al. 2013 ). However, it will take many years for restored salt marshes to develop communities similar to those in natural habitats (Garbutt and Wolters 2008) . Salt marshes that regenerated on abandoned land reclaimed by seawalls have been used, to certain extent, as natural analogues for salt marsh development. Particular attentions have been given to the succession of plant communities (Bakker et al. 2002; Bozek and Burdick 2005; Wolters et al. 2005; Garbutt and Wolters 2008) and restoration of soil nutrient pools, soil seed bank (Santin et al. 2009; Fernandez et al. 2010; Hung et al. 2013; Zhang et al. 2013; Bai et al. 2014; Gilland and McCarthy 2014; Wang et al. 2014) . Those researches could provide general information on the design and management of coastal marsh restoration schemes (Garbutt and Wolters 2008) .
To date, timescales of those researches have usually based on spatial comparisons between restored salt marshes with different ages (Morgan and Short 2002) . However, dynamic changes in community structure and abiotic environments in these regenerated marsh ecosystems are largely unknown. Researches on the spatio-temporal patterns of marsh regeneration after seawall reclamation can help us to understand the restoration mechanism of salt marsh and thus provide conservation policy for coastal marsh after seawall reclamation.
Therefore, in this study we analyze the seasonal changes in soil nutrient pools in a regenerated coastal marsh after about 30 years of seawall reclamation. Our objects were to examine: (1) the seasonal characteristics in soil total nitrogen (TN) and soil organic carbon (SOC), (2) the spatial patterns of those changes along the sea-land gradient, and (3) the factors which potentially influence the spatio-temporal patterns in the regenerated marsh. In particular, we considered the influences of direction, an important factor determining salt and water stress along the sea-land gradient, but usually being ignored in previous researches.
Methods

Study area
The Yellow River Delta is located in the northern part of Shandong Province, China, and on the southwest coast of the Bohai Sea (Bi et al. 2011) (Fig. 1) . The climate condition, soil types and natural vegetation distribution were described by He et al. (2011) .
Filed investigation
Filed investigation was conducted at Zhuangxi, the most northern merge of this delta (Fig. 1) . Since 1980's, the tidal flat was reclaimed by seawalls and roads to protect the Zhuangxi Oil field and its inland DongYing City from storm tides. On early May and middle September in 2013, two transects, with the length of 500 m, were selected to be vertical to the seawalls, along the sea-land gradient in different directions (A: North-south, NS; B: East-west, EW, respectively). Samples were designated at 5 m intervals using a global positioning system device (GPSMAP62sc, made in China). There are 100 samples for each transect (Fig. 1 ).
For each sample, two soil cores (15 cm deep and 2 cm diameter) were collected: one for soil salinity, soil TN and SOC as well as soil C:N rate and one for root biomass. All of above ground biomass, including grass green biomass and litter mass, from a 0.5×0.5 m plot centered on each soil sample were collected and then oven-dried for at least 72 h at 60°C for dry weight.
Lab analysis
Soil samples were air-dried and crushed. Roots and gravel were removed and then the soils were passed through a 2-mm sieve. Electrical conductivity (EC e ), as the standard measure of soil salinity, was measured by a conductivity meters (TP320, made in China). Soil TN and SOC were measured by an elemental analyzer (Vario MACRO cube, made in Germany). Root biomass was obtained by washing the soil cores and the collected roots were dried for at least 72 h at 60°C to determine dry weight.
Statistical methods
One-way ANOVA was used to compare the seasonal differences in soil and plant variables for A and B, respectively, and the orientation differences between A and B.
Linear regression was use to analyze the spatial effects of seawall on soil TN and SOC. Pearson correlation analysis was used to examine the factors which may potentially influence soil TN and SOC in A and B. All of those analyses were conducted by SPSS Windows 13.0.
Results
Seasonal changes in soil TN and SOC and other related variables
In the seawall reclaimed wetland, soil SOC, C:N rate, salinity, and root biomass have exhibited significantly differences in different directions (Table 1 ) and these variables have significantly seasonal changes. For instance, soil TN and salinity have decreased while soil SOC, C:N rate and biomass variables have increased from May to September (Fig. 2) .
In the N_S transect, only root biomass showed insignificantly changes in May and September (Table 1) . Soil TN and soil salinity have significantly decreased while soil SOC, C:N rate and above ground biomass have significantly increased (Fig. 2) .
In the E_W transect, above ground biomass, root biomass and soil SOC have no significant changes from May to September (Table 1) . Soil TN and soil salinity have Fig. 1 Location of study area significantly decreased whereas soil C:N rate has significantly increased (Fig. 2) .
Changes in the spatial pattern along the sea-land gradient In order to identify the spatial pattern of seasonal changes in soil variables, we analysis the linear regressions between the changing rate of soil TN, SOC and C:N rate and distance to seawall. The results showed that from May to September, soil TN has clearly decreased with the distance to seawall in both A and B (both P-values <0.0001). However, the rate of soil SOC has no obvious changes along the sea-land gradient in A (P=0.86), but it has decreased with distance to seawall in B(P<0.0001).
The changing rates of C:N rate in both A and B have similarly increased with distance to seawall (both P-values <0.001) (Fig. 3) .
Pearson correlations between soil TN and SOC with other variables
Pearson correlation analysis showed that in the N_S direction, the influences of potential factors on soil TN and SOC have changed few from May to September, whereas in the E_W For instance, soil TN has closely and positively related to above ground biomass, while closely and negatively related to soil C:N rate and soil salinity, in May and September, in both A and B (Tables 2 and 3 ).
Soil SOC has closely and positively related to above ground biomass and root biomass and closely and negatively related to soil C:N rate and salinity in May and September in A (Table 2 ). However, in B, there is no variables significantly related to soil SOC, except soil C:N rate in May. Comparably, soil SOC was significantly and positively related to above Fig. 3 The rates of changes along the sea-land gradient. Dark dot: N-S direction; Dark triple: E-S direction ground biomass and negatively related to soil C:N rate and salinity in September (Table 3) .
Discussion
The storages of soil nutrient pools are counterbalances of inputs and outputs during a certain period, which has been widely recognized to be sensitive to environmental changes and human disturbances (Macreadie et al. 2013; Wang et al. 2014) . Our results have proved that soil TN and SOC have clear seasonal characteristics and significantly directional differences after seawall disturbances. In the regenerated marsh, soil nutrient pools have responded potentially to the salinity reduction, plant growth, as well as potential microorganism activities due to seawall reclamation and season change. Our research has demonstrated that the direction has influenced soil SOC rather than soil TN at a large scale. Through influencing the direction of wind, flooding and even process of vegetation succession in the man-made land, direction may play important roles in determining patterns of soil carbon pools in this regenerated marsh. However, in spite of its roles in the process of marsh restoration, direction is seldom considered in recent studies. Therefore, future works should carefully consider its influences, e.g. on soil SOC or carbon cycling, in order to scientifically assess the effects of seawall on coastal wetlands.
In the growth season, soil TN has decreased whereas soil SOC has increased in the regenerated marsh. Soil salinity, the significant environmental factor, has decreased in summer because of the leaching of prepetition (Table 1, Fig. 2) . Correspondingly, the plant productivity, both above ground and root biomass have increased in the summer growth, which lead to a higher biomass accumulation in soil, resulting in the increase of soil SOC (Fig. 2) . In contrast, the mean soil TN in this marsh has decreased from May to September, which indicated a potential consummation deficit. It is demonstrated that in the Yellow river Delta, N is the main limiting factor in salt marsh growth. During the summer, marsh plants have absorbed more nitrogen in soil for growth, which lead to the reduction of soil TN (Li et al. 2012) . Changes in soil TN and soil SOC indicated a trade-off between consummation and accumulation of soil nutrients, which may similar with the natural salt marsh.
Soil TN rather than soil SOC has changed over the distance to seawall, which indicated that environmental heterogeneity has played extremely important roles in determining the spatial pattern of soil TN in this regenerated marsh. Therefore, those factors which have obvious spatial patterns were closely related to soil TN, such as, soil C:N rate, soil salinity, above ground biomass. Comparatively, soil SOC, especially along the sea-land gradient, has been in a relatively stable condition. Besides soil C:N rate, soil salinity, above ground biomass, it was also closely related to root biomass. In addition, the interactions between soil TN and influencing factors have changed little over time and direction. However, the interactions between soil SOC and its influencing factors were different over time and direction, which suggested a complex mechanism in maintaining the balance in soil SOC.
Coastal salt marsh restoration is rapidly approaching a scale of planning, design, and implementation that require additional scientific understanding of entirely different spatial and temporal perspective (Simenstad et al. 2006) . Recovering natural system dynamics must include the disturbances which cannot be controlled in initiating restoration, but must be considered when designing restoration projects. The changing pattern in soil nutrients of the reclaimed marsh is a result of the combined effects of drivers over time, such as wind, flooding, drought and rainfall (Fernandez et al. 2010; Hung et al. 2013) . The effects of seawall reclamation on salt marsh and its soil environments might be reflected at various spatial and temporal scales. In our case, the effects of direction of seawall showed a significant consequences. Unfortunately, most wetland planning projects have not even mentioned this point (Cai et al. 2014) . At the same time, the result about direction effects of seawall can also provide new insight to seawall management and planning.
In addition, recognition of dynamic changes in a seawall reclaimed marsh can help us to understand the mechanism of marsh self-restoration. The seasonal changes in soil nutrient pools can response to the changes in primary production, plant species diversity and even microorganism activates (Hao et al. 2013) . Recognizing the seasonal changes in plant-soil interactions can help us assess the health condition of restored salt marsh ecosystem. 
Conclusion
In this paper, seasonal characteristics in soil total nitrogen (TN) and soil organic carbon (SOC) in a seawall reclaimed marsh in the Yellow River Delta, China were investigated. The influence of direction on soil nutrient pools in this marsh was also studied. The results have demonstrated that direction has influenced the distribution of soil nutrient pools and their influencing factors. In the growth season, soil TN has decreased but soil SOC has increased. Change rate of soil TN has decreased with distance to seawall, whereas the rate of soil SOC has no clear pattern along the sea-land gradient. In addition, the influencing factors on soil SOC may behavior more complex than on soil TN. Our works on dynamic changes in soil nutrient pools in a seawall impacted area can provide useful information for understanding the restoration mechanism of disturbed marsh and designing the future coastal marsh protection projects.
